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(54) Solid electrolyte ionic conductor reactor design 

(57) An ion transport reactor (17) and process for 
using same having at least one ion transport membrane 
(1) with a retentate side (2) and a permeate side, for 
extracting oxygen from a feed gas stream (18) as it 
flows along the retentate side (2). A reactant gas stream 
(16) is flowed along the permeate side of the ion trans- 
port tubes to react with the oxygen transported there- 
through. Heat is transferred to a fluid stream flowing 
through the ion transport reactor while the temperature 
of the membrane is maintained within its operating 
range. 
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Description 

FIELD OF THF INVFMTIOM 



The invention relates to a solid electrolyte ionic conductor reactor design for use in gas separating systems The 

iSr^fJ 0 » ecomttna «°" - Electrolyte ionic conductor L^J^ss^^Zp^. 
tor/reactor designs for use in gas separating systems. H 
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fj a PP ,i ^ on entitled Integrated Solid Electrolyte Ionic Conductor „Separator-Cooler 

'5 BACKGROUN D OF THE IMVFMTin M 

For many years non-cryogenic bulk oxygen separation systems, for example, organic polymer membrane systems 
have been used to separate selected gases from air and other gas mixtures. Wr is ^ixfore JgTses^ZSnTn 
vaormg amounts of water yapor and, at sea level, has the following approximate composXI ^bTvSm^oCn 

£SH * 9en (78%)> a : 90n ? 94%)> with * e balance - consistin9 01 frace * ^ «5S*5K 

iZS^T™ ? T fr ° m ^ in ° r9aniC 0Xide6 - 1,1666 6011(1 6,6Ctrol * e ™ mbfan * are made from 
Sf e ' ST^S Calaum " or y»i"n>stabilized zirconium and analogous oxides having a fluorite or per- 

flate structure. At elevated temperatures these materials contain mobile oxygen ion vacancies. Because these maS- 

atS^^n S nl Perm9ati0n « ttiey ^ 88 8 m9mbfanS W * *" infWte Se,ect ^ *» ana^re^eTreT^ 
attractive for use in new air separation processes. ' 

Atthough the potential for these oxide ceramic materials as gas separation membranes is great there are certain 
problems in their use. The most obvious difficulty is that all of the known oxide ceramic ZSSiSSSSSl 
S 0 ™^ "t^SS? ten * eratures - ™* «■* ™* be operated well above SEZ. SS? n 
olZL 22 ITV** rSmainS d6Spite muCh research 40 find malerials ** we" at^Ttem 

SUKS ^2l^f°^ e J? n,C C ° nduCt0r technol °9y described in more detail in Prasad et al.. U.S. Patent No 
s^e ^aT Mem ^e, which is hereby incorporated by reference to more My deSbettt 

The development of mixed and dual phase solid oxide ion and electron conductor materials has created interest™ 
opportunrt.es .for utilizing processes which exploit their ability to transport oxygen ions and the return Sowo eteSons 
£ZL??2! K ?T ? emb , rane M ,he need for 6xt9mal circuite - ^ solid electml Je tZton P SS 

SS^JZSS? ^ ^ * ** ^ 01 Parta ' 0xy9en pr6ssures of 80 oxyge^coSning gaToTme 
cattiode and partial oxygen pressures in a reactive environment on the anode. There are many examples of systems 

process), the co-production of oxygen, nitrogen, argon, and carbon dioxide in integrated gas turbine cycles- systems for 
552" • 0Xy96n S «*" P«- oxidation reactors for use in chemical «kli3SSSS 

Z£XS2^ h T 935 (for - eXamp,e ' 1,16 BritiSh Petro,eum ElectrODOX method ): and combustor applications wTera 
the fact that the ox.dat.on reaction occurs on the surface of the solid electrolyte ionic conductor element a th anode 
excludes nitrogen and thereby, wfth proper heat management, limits temperature rise and N0 X general 

To bepractical. any of the above processes require reactors that can perform the assigned functions in an efficient 

ZTJ£7!£" r^sar to * e design princ ^ ,es for * e ■* ^^iSK 

C °"* ,natons for effective efficient operation. Since in these devices heat is produced ™ 

to„^h?£S 1 the ^K ranSP ° rt membrane by the oxidation reaction - » is 1 to manage heat transfer Ha£ 
ton the temperature of the solid electrolyte ionic conductor elements at as uniform a temperature as possWelfoor- 

are reduced; rf portions operate at too high a temperature the useful operating life of these portions could be stan^ 
cantiy lowered. In addition, the design has to provide for effective mass transfe?of oxygen «d JZ ttMrtM 
anode sries respectively and balance oxygen flux and reaction kinetics in a way which maintains aToWtirtal 
pressure at the anode surface greater than 10 « to 1 <r« atm. depending on the stebilrty cZrterTstS S elemert 

g^'S 

sdidU^^r^T 86 l th l inV6nti0n iS t0 d6,ine oonfi »«*'"» provide workable solutions for combining 
from iS2 ? Z 0thef fUnCt, ° nS 8UCh 68 heatinfl of a thW 9 as rteam * separating an oxygen produrt 
from the cathode s,de stream by means of a second solid electrolyte membrane in a single apparatus. The integration 



35 



40 



2 



BNSDOCID: <EP 0875285A1J_> 



EP0875 285 A1 

of the above functions must be accomplished in a manner which does not impede the previously stated requirements 
for heat management and mass transfer. 

Advances in the state of the art of air separation using solid electrolyte ionic conductors have been presented in 
the technical literature. 

5 For example, Mazanec et al., U.S. Patent No. 5,306,41 1 , entitled Solid Multi-Component Membranes, Electrochem- 
ical Reactor Components, Electrochemical Reactors and Use of Membranes, Reactor Components, and Reactor for 
Oxidation Reactions, relates to electrochemical reactors for reacting an oxygen-containing gas with an oxygen-con- 
suming gas and describes a shell and tube reactor with the oxygen-containing gasfiowing on one-side- of the solid elec- 
trolytic membrane and the oxygen-consuming gas on the other. Mazanec et al., however, does not address issues 

w related to heat management to maintain membrane surfaces at the desired uniform temperatures, flow dynamics to 
achieve effective mass transfer, or the need for balancing reaction kinetics with oxygen ion conductivity to maintain the 
appropriate oxygen partial pressure for materials stability. 

Westinghouse has developed solid oxide fuel cells having a tubular design, such as described in the publication 
presented at PowerGen 1995 - Americas Conference in Anaheim, California, on December 5-7, 1 995, by Frank P. Bvec 

is and Walter Q. Parker, SureCELL m Integrated Solid Oxide Fuel Cell Power Plants for Distributed Power Applications. 
This publication relates to tubular solid oxide fuel systems with geometries that have superf icial similarity to some of the 
geometries of the present invention but the geometries are not, however, related to the functions performed by solid 
electrolyte reactors of the instant invention. Bvec and Parker describe a closed end fuel cell element where the air is 
supplied to the inner cathode side of the solid electrolyte membrane by a coaxial inside tube which results in the air 

20 being preheated before entering the cathode passage where oxygen transfer takes plaoe. Bvec and Parker, however, 
do not address issues of heat management and flow dynamics. In addition, the Westinghouse device, unlike the present 
invention, is not a reactor to produce heat or a desired anode side product but a fuel cell to produce electric power and 
therefore cannot employ mixed or dual phase conductors as the electrolyte. Furthermore, the Westinghouse solid oxide 
fuel cell designs (see Fig. 4 therein) are also low pressure devices while the reactors of the present invention would typ- 

25 ically experience elevated pressure at least on one side of the solid electrolyte membrane. 

A tubular solid-state membrane module is disclosed in Dyer et al.. U.S. Patent No. 5,599,383. having a plurality of 
tubular membrane units, each unit having a channel-free porous support and a dense mixed conducting oxide layer 
supported thereon. The porous support of each unit is in flow communication with one or more manifolds or conduits to 
discharge oxygen which has permeated through the dense layer and the porous support. 

30 

OBJECTS OF THE INVENTION 

It is therefore an object of the invention to provide an efficient ion transport reactor design for use in gas separating 
systems. 

35 It is also an object of the invention to combine the ion transport reactors with heaters to produce heater/reactor 
designs for use in gas separating systems. 

It is another object of the invention to combine the ion transport reactors with an oxygen separator to produce oxy- 
gen separator/reactor designs for use in gas separating systems. 

It is a further object of the invention to increase the efficiency of the designs by purging the permeate side of the 
40 ion transport membrane with a reactive gas stream. 

It is a further object of the invention to increase the efficiency of the designs by optimizing mass transfer and ther- 
mal transfer in the reactor by choice of materials, input rates, and gas flow geometry. 

SUMMARY OF THE INVENTION 

45 

The invention comprises an ion transport reactor and processes for using the same to react a reactant gas stream 
with oxygen from a feed gas stream containing elemental oxygen and at least one other gas. The ion transport reactor 
includes an ion transport membrane having a retentate side and a permeate side. The process includes flawing the 
feed gas stream on the retentate side of the ion transport membrane and flowing the reactant gas stream on the per- 
50 meate side of the ion transport membrane. The heat generated from the reactant gas stream reacting with the oxygen 
permeating through the ion transport membrane is transferred to the feed gas stream to heat the feed gas stream while 
maintaining the temperature of the ion transport membrane within the operation range of the ion transport membrane. 

In a preferred embodiment of the invention, the operation range is from about 500C to about 1 100C. In another pre- 
ferred embodiment of the invention, the temperature along the ion transport membrane is kept substantially constant 
55 throughout the length of the membrane. In yet another preferred embodiment of the invention, the resistances to oxygen 
permeation and reaction kinetics are apportioned such that the partial pressure of oxygen on the permeate side of the 
membrane is kept above 10" 16 atm. In another preferred embodiment, the ion transport membrane has porous catalyst 
layers added to at least part of the permeate side of the ion transport membrane to enhance the chemical reactions on 
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kHHHHS 'T an0th f Pr6ferred embodiment - at least part of one side of the membrane of the ion transport tubes 

f ' channeled along the retentate surface of the ion transport membrane through a feed aas Dassaoe 
between the .on transport membrane and a shroud to minimize gaseous diffusion resistance * 9 

bv IS?!! 6 " 8 ? embodim f of the invention, at least a portion of the heat from the heat of reaction generated 
£.22^. w , tranSP ° rt 10156 iS trans,erred to 8 ,,uid stream - such as the feed gas stream fto£«fl!!£hta 
hiSS ^J?' 5 y6t an0,her pre,erred embodiment of the invention, at least one of thel^ SJa^d 
heat transfer coeff.cients vary inversely with the difference in temperature (AT) between the feedo« ZZZ^tt *2 
™ transport^ membrane. In another preferred embodiment of mention IS£Z hSfiJK a M 
feed gas portion wh.ch is fed into the reactor and provides oxygen for reactino with the >^i*IIlT L 

ElZZ? "^"cfoding an ion transport separator membrane having a retentate side an?a pZ££2L 
Z ! ^Z*J£ 988 ^ ,l0WS and ,r0m ** ih ""W" is a,on 9 Permeate sW Sof ? 

™^ e :^ ed K emb0dimerTt 01 me invention ' me ,eed 9 as *»" ** enters a s^arator sSge wnereSnll 

Z^E^r*?**" ^ tranSPOrt USin9 a " i0n transport Sh«?5I!2 reading £ 

s,de and the feed gas stream then enters the ion transport reactor where additional oxygen is extracted ushwThaS 

to purge tne permeate side of the ion transport separator membrane 

of trln^rti™. 6 " 4 -' Comprises a « ,east one ™ transport tube having a membrane capable 

of transporting oxygen ions, the ran transport membrane having a retentate side and a permeate side taniZS 

SS, 88 * ,l0W8 al0n9 *» retentete 8We - Duri "9 a SSSH SSJSSS3 

oftS KZ!!!?2 ° M 0 " ^ 10 reaCt "* *• ox ^ en gating therethrough aS S 

n^JLTL Ji2 nSPOrt reaCt0r ' ^ 81 ,ea8t ° ne ° f * e heat transfer areas a * »— transfer ^tmZZ Z 

„ A!? 1 ZI 06 in tem P erature between the feed gas stream and the ion transport membrane 
■JTiTST 1 amb ? ,ment 01 1,16 invention - * e *«Poit reactor further comprised concSfc tube within or 

the feed gas stream along the ion transport tube. In another preferred embodiment at least one rt the heat J2S2 
22 h^T 9 J° aChieV6 ,ar96 h6al transfer resistance "here the difference in temperature is large anJS S 

BRIEF DESCRIPTION OF thf naAwiM»c 

Other objects, features and advantages of the invention will occur to those skilled in the art from th* 
descnpf on of preferred embodiments and the accompanying drawings, in which * m ™"* 

Rq. 1 is a schematic diagram of an embodiment of the invention showing the basic design of a ion transoort reactor 
of the mvention featuring a through tube arrangement where a sliding tube-to-tube sheet £ ££X£E£ 
mal and compositional dimensional changes in the ion transport tube- accommodates ther 

2^Jtt**l2 emBliC 1 dia f ram ° f another embodiment of the invention similar to Fig. 1 wherein the ends of the ion 

£Z?Lf£l ?k ~ S6aled at th6ir ** * a top and are l8 « 'ree ftoating to avofo m£ aS 
concentric inner tube are added inside each ion transport tube for either supply or withdrawal of reason side 



FigjA is a schematic diagram of an embodiment of the invention similar to Fig. 2 wherein the sides for oxvaan 
containing gas streams and reactant gas streams are reversed; wnerein tne sides for oxygen- 

so Fig. 3B is a schematic diagram showing a detail of the concentric inner tube and the ion transDort tube of Fio 

Hg_3C is a schematic diagram showing an alternative detail of an ion transport tube showing the variable insuSon 
thickness msertsdisposed on a shroud tube to vary the local heat transfer coefficiente 

Fig. 4B is a diagram showing a detail of the upper part of Fig 4A- 
Fig. 4C is a diagram showing a detail of the lower part of Fig 4A- 

F.g. 5 is a graph showing the calculated temperature profiles of various elements of the reactor of Fig. 4 as a fane- 
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tion of distance from the feed entry; 

Fig. 6 is a graph showing the calculated feed and purge oxygen partial pressure profiles at the wall of the reactor 
of Fig. 4 as a function of distance from the feed entry; 

Fig. 7A is a schematic diagram of an embodiment of the invention showing a detail of an ion transport reac- 
5 tor/heater with closed and free-floating tube ends; 

Fig. 7B is a schematic diagram of a tube sheet utilizable in the ion transport reactor/heater of Fig. 7A; 
Fig. 8A is a schematic diagram of an embodiment of the invention showing an ion transport reactor/oxygen sepa- 
rator with closed and free-floating tube ends; and 

Fig. 8B is a schematic diagram of an embodiment of the invention showing an ion transport reactor/oxygen sepa- 
w rator with a through tube arrangement. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention relates to a solid electrolyte ionic conductor reactor design for use in gas separating systems. The 
is invention also relates to the combination of solid electrolyte ionic conductor reactor/heater designs and reactor/oxygen 
separator designs. 

In contrast to the prior art, this invention provides all the functional requirements which solid electrolyte reactors 
must satisfy to be feasible and practical and discloses how the reactor function can be advantageously combined with 
other operations. Specifically, the invention incorporates heat transfer means such that the heat of reaction is removed 

20 from the solid electrolyte ionic conductor elements, thereby maintaining the solid electrolyte ionic conductor elements 
at fairly constant temperature. This is achieved by varying local heat transfer coefficients and heat transfer area as nec- 
essary by the selection of appropriate heat transfer surface geometry, including the possible addition of an insulating 
layer, and of appropriate local flow velocities. At the same time, efficient mass transfer of oxygen to the cathode surface 
and reactant to the anode surface of the membrane is assured by either high turbulence or narrow passage dimensions. 

25 In addition, attention is paid to the need for maintaining oxygen partial pressure at or near the anode surface at a level 
sufficiently high for long life of the specific mixed or dual phase conductor employed by balancing local oxygen flux and 
reaction kinetics. This is achieved by selection of a membrane with appropriate ion conductivity and thickness on the 
one hand and controlling catalytic activity by catalyst material and or surface area on the other. 

Other functions, such as indirect heating of a third gas stream or a separation of an oxygen product stream by a 

30 suitable solid electrolyte membrane, are integrated to achieve optimum simplicity while satisfying the operational 
requirements discussed in the previous paragraph. As used herein, the terms "solid electrolyte ionic conductor, "solid 
electrolyte ion transport membrane", Ion transport membrane", or "solid electrolyte" are used to designate either an 
ionic-type material or a mixed conductor-type material unless otherwise specified. 

As used herein, the term "elemental oxygen" means any oxygen that is uncombined with any other element in the 

35 Periodic Table. While typically in diatomic form, elemental oxygen includes single oxygen atoms, triatomic ozone, and 
other forms uncombined with other elements. 

The term "high purity" refers to a product stream which contains less than ten percent by volume of undesired 
gases. Preferably the product is at least 98.0% pure, more preferably 99.9% pure, and most preferably at least 99.99% 
pure, where "pure" indicates an absence of undesired gases. 

40 The invention will now be described in detail with reference to the figures in which like reference numerals are used 
to indicate like elements. 

An embodiment of the invention is illustrated by the schematic diagram of Fig. 1 showing the basic design of a solid 
electrolyte ionic conductor reactor of the invention. Though the basic design features are common for all solid electro- 
lyte ionic conductor reactors, the specific design addresses a deoxo application, for example, removal of 1% to 10% of 

45 the residual oxygen from a crude nitrogen or argon gas stream 18. The solid electrolyte ionic conductor reactor design 
of Fig. 1 features a tube and shell arrangement with a single tube sheet 21 on one end of the apparatus and two tube 
sheets 7 and 8 on the other end of the apparatus. The inside of shell 14 is thermally protected by insulation 15 and con- 
tains ion transport tubes 1 surrounded by shroud 3 and sealed and supported by o-ring seals 6. This sliding tube-to- 
tube sheet seal accommodates thermal and compositional dimensional changes in ion transport tube 1. Ion transport 

so tubes 1 consist either of a dense wall solid oxide mixed or dual phase conductor or a thin film solid oxide mixed or a 
dual phase conductor supported by a porous substrate. The ion transport material must have sufficient ability to con- 
duct oxygen ions and electrons at the prevailing oxygen partial pressure in the temperature range from 400°C to 
1 100°C when a chemical potential difference is maintained across the ion transport membrane surface caused by a 
ratio in oxygen partial pressures across the ion transport membrane. Suitable ion transport materials are perovskites 

55 and dual phase metal-metal oxide combinations as listed in Table 1 . Since the reactive environment on the anode side 
(permeate side) of the ion transport membrane in many applications creates very low partial oxygen pressures, the 
chromium-containing perovskites of Table 1 may be the preferred material since these tend to be stable in this environ- 
ment, that is, they are not chemically decomposed at very low partial oxygen pressures. Optionally, porous catalyst lay- 
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«nhJ^L y l° m * e ! ame P erovskite ^al, may be added to both sides of the ion transport membrane to 

ESSiS 8 "" ^ "T* 8nd the ° hemiCal readions °" these surfaces - Alternatively, theTriteeZ™ the 
ion transport membrane may be doped, for example, with cobaft, to enhance surface exchange kinetics 





Tab! *a 


T 






Material composition 


70 


1. 


O^AXCo, J^) O SJt (0 £ x <; 1, 0 * y * 1; 5 from stoichimetry) 




2. 


SrMnO 

SrMn 1I Co,0 W! (0 s x 1, 0 S y i 1, 8 from stoichimeuy) 
Sr^NaJUnO^, 


75 


3. 


BaFeojCo^YO, 
SrCeOj 

YBa,Cu,0,.. (0S3S1, 3 from stoichimetry) | 




4. 


La ».j B ao.8Co 0i Fc 0 . } 0 I< ; Pr 02 Ba 0 ,Co 01 Fe„O ls 


20 


5. 


A.AVA"^'^"^ (x, x\ x», y, y, y- aU in 0-1 range) 
where: A, A , A" = from groups 1, 2, 3 and f-block lanthanides 
B.B'.B" = from d-block transition metals 
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6. 


(a) Co-La-Bi type: Cobalt oxide 15-75 mole% 
Lanthanum oxide 13-45 mole% 






Bismuth oxide 17-50 mole% 


5 




(b) Co-Sr-Ce type: Cobalt oxide 15-40 mole% 

Strontium oxide 40-55 mole% 
Cerium oxide 15-40 mole% 

(c) Co-Sr-Bi type: Cobalt oxide 10-40 mole% 

Strontium oxide 5-50 mole% 


10 




Bismuth oxide 35-70 mole% 

(d) Co-La-Ce rype: Cobalt oxide 10-40 mole% 

Lanthanum oxide 10-40 mole% 
Cerium oxide 30-70 mole% 

(e) Co-La-Sr-Bi type: Cobalt oxide 15-70 mole% 


15 




Lanthanum oxide 1-40 mole% 




otrontium oxiue 1-4U moie /o 
Bismuth oxide 25-50 mole /o 

ff\ Pa-T a.Cr-fV tvtv* Prihalt nviHp mnlp %> 
\l) V/0"l>a ul UC vpc, V^UUdil UAJUC lu*nv lIIUlv /O 

Lanthanum oxide 1-35 mole % 
Strontium oxide 1-35 mole% 


20 




Cerium oxide 30-70 mole% 




7. 


Bij., MMPn (0 £ x £ 1, 0 s y s 1, 6 from stoichimetry) 

where: M = Er, Y, Tm, Yb, Tb, Lu, Nd, Sm, Dy, Sr, Hf, Th, Ta, Nb, 










rD, on, in, ca, or, La ana mixtures tnereoi 






M = Mn Fe, Co, Ni, Cu and mixtures thereof 


25 


8. 


BaCe^Gc^Oj.^ where, 

x equals from zero to about 1 . 




9. 


One of the materials of A.A^B.B^V^ family whose composition is 1 
disclosed in U.S. Patent 5,306,4 1 1 (Mazanec et al.) as follows: 


30 




A represents a lanthanide or Y, or a mixture thereof; 




A' represents an alkaline earth metal or a mixture thereof; 
B represents Fe; 

B' represents Cr or Ti, or a mixture thereof; 

B" represents Mn, Co, V, Ni or Cu, or a mixture thereof; 


35 




and s, t, u, v, w, and x are numbers such that: 
s/t equals from about 0.01 to about 100; 

u equals from about 0.01 to about 1 ; jj 
v equals from zero to about 1 ; 

w equals from zero to about 1; jj 


40 




x equals a number that satisfies the valences of the A, A', B, B\ B" | 
in the formula; and 0.9 < (s+t)/(u+v+w) < 1 . 1 




10. 


One of the materials of La^Sr x Cu 1 ^M y O i ^ family, where: 

M represents Fe or Co; |j 


45 




x equals from zero to about 1 ; 




y equals from zero to about 1 ; 

S equals a number that satisfies the valences of La, Sr, Cu, and M 
in the formula. jj 



so 



55 
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11. 


One of the materials of Ce^O^ family, where: HI 
A represents a lanthanide, Ru, or Y; or a mixture thereof 
x equals from zero to about I; 
y equals from zero to about 1; 

8 equals a number that satisfies the valences of Ce and A in the 
formula. 


12. 


One of the materials of S^JBi/eO^ family, where: 
A represents a lanthanide or Y, or a mixture thereof, 
x equals from zero to about 1; 
y equals from zero to about 1 ; 

8 equals a number that satisfies the valences of Ce and A in the 
formula. 


13. 


One of the materials of SrJFe y Co t O m family, where: 
x equals from zero to about 1 ; 
y equals from zero to about I; 
z equals from zero to about 1 ; 

w equals a number that satisfies the valences of Sr, Fe and Co in 
the formula. 


14. 

L 


Dual phase mixed conductors (electrnnirVmniry 


(Pd) 0S /(YSZ) O5 ' 

(PtW(YSZ) M 

(B-MgLaCrOJ 0J (YSZ) 0J 

P«WPW 05 /(YSZ) 0J 

Any of the materials described in 1-13, to which a high temperature 
metallic phase (e.g., Pd, Pt, Ag, Au, Ti, Ta, W) is added. 
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During operation, oxygen-containing gas stream 18 enters shell 14 near the top of the reactor flows downw*rri in 
a cross^ounter flow fashion, or optionally cross cocurrent fashion, to the flow of re££ I pu ^ ^^^S; 
6 ,ns.de .on transport tubes 1 directed by baffles 4, and then enters annular pasS a b^ 

The oxygen for the reaction on the permeate side of ion transport tubes 1 is extracted bv ion transport fmm nvw„=„ 
conning , gas strea^ 18 fiowingmrough annular passages i^d^KrSXS 

SSI hTu m . Pre,6raWy ttM mm - ° f annular 2 between! 0 rZspl LbiTIS 

their respective shrouds 3. The reaction takes place in the boundary layer or on the anode surface (bWme^deTS 
.on transport tubes 1 . As a result, the maximum temperature will be at the wall of ion transport ZZs 1 In^ncSrS 

them and since at the h.gh operating temperatures radiation heat transfer is very efficient the locaT^L^T^ 

! fi ,l °r 19 in annU,af 153853968 2 ** ,he ***** ^ (»«t is. th'e ouTertnJc ^ 
transport tubes 1 and the inner surface of shroud tubes 3) will also be high as a result of the passaae aeometrv 

The inner m of shell 14 of the reactor fe furnished wrth baffles 4 which are arranSS^^ sLinc 
Oxygen-contammg gas 1 8 enters the reactor shell side at the end opposite to annular paia^ 

SlSTo out 7e £2? S SI . ^ ? e " - S betWee " the Shell " side 9as 6fream and crouds 3 can be con- 
smS o toZ£l^£? 6 lo f ' crossflow velocrties and local baffle area, both of which depend upon baffle 

SEE S SS ' nC,Ud,n9 ' nSUtetnfl ^ " feqUired - A b3ff,e * aoi " 9 £ «-en i^ 
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TABLE II 



Baffle No. 


Spacing between baffles 
(in.) 


Distance from Tube 
Sheet 21 (in.) 


1 


6 


6 


2 


3 


9 


3 


3 


12 


4 


2.5 


14.5 


5 


2.5 


17 


6 


2 


19 


7 


2 


21 


8 


2 


23 


9 


2 


25 


10 


1.5 


26.5 


11 


1.5 


28 


12 


1.5 


29.5 


13 


1.5 


31 


14 


1.5 


32.5 


15 


1.5 


34 


16 


1.13 


35.13 



30 

As has been mentioned previously, the temperature of ion transport tubes 1 has to be maintained at a relatively uni- 
form level to ensure the most effective utilization of the reactor. This can be accomplished with the selected arrange- 
ment in the following way. Since in most instances the mass flow on the shell side significantly exceeds that on the 
reaction side, the heat of reaction has to be absorbed primarily by the temperature rise of the shell-side gas stream. 

35 Therefore, oxygen-containing gas stream 18 must enter the reactor at a temperature significantly below the reaction 
temperature. To prevent local depressions and elevations of the ion transport tube 1 temperature, it is important that the 
gas stream enters annular passage 2 at a temperature reasonably close to the reaction temperature and that the local 
heat transfer between the shell-side gas stream and shroud 3 is essentially constant over the total axial length of annu- 
lar passage 2. In general, this means that where the AT is large, heat transfer coefficients and baffle area density have 

40 to be low, that is, the baffle spacing is wide; where the AT is small, heat transfer coefficients and baffle area density have 
to be high, that is, the baffle spacing is close. 

It should be noted that the above discussion is somewhat oversimplified in that reaction rates are not necessarily 
uniform along the entire length of the reactor since they vary no! only with temperature but also with the local chemical 
driving potential for oxygen transport and the local reaction kinetics. As a later example will illustrate, a comprehensively 

45 detailed reactor design requires a fairly complex analysis in which all of these factors are taken into account. Neverthe- 
less, maintaining the solid electrolyte ionic conductor element temperature profile relatively uniform remains the guiding 
design goal and the ability to vary baffle axial spacing provides the necessary flexibility to achieve this goal as does the 
ability to add an insulation layer of appropriate thickness if the ATs are very large. This aspect of the invention, in par- 
ticular, differentiates the invention from the earlier Electropox methods developed by British Petroleum. 

so In the design it is also important to balance local oxygen flux and reaction kinetics to make sure that local oxygen 
* partial pressures are at a level assuring material stability, that is. typically above 10* 15 to 1 0" 17 atm. for presently known 
materials. The oxygen flux will be a complex function dependent on material ionic conductivity, solid electrolyte wall 
thickness, reaction kinetics, the reactant gas partial pressure, and catalytic activity, which can be influenced by catalyst 
selection and catalyst extended area. 

55 Gas flow on the reaction side (permeate side) of ion transport tubes 1 can be counter-current or concurrent. The 
direction of gas flow can be important under some circumstances since it will affect local reaction kinetics and oxygen 
partial pressure environments. The latter aspect does have an effect on oxygen flux, material stability and composi- 
tional stresses. 
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gen-containing gas stream 50 enters the reactor at a temperature substantially below the reaction temperature, tube 
sheets 51 and 55 and tube-to-tube sheet joints can be kept at a relatively low temperature to permit use of inexpensive 
construction materials and relatively standard sealing techniques such as welding or brazing. A disadvantage is that 
control of temperature profiles may not be quite as good as for the design of Fig. 1 . 
5 Fig. 4A shows an example of a reactor similar to that of Fig. 1 that was designed to remove 2% of contained oxygen 
from a nitrogen gas stream to attain a product gas purity of less than 10 ppm oxygen and further illustrates the general 
principles of the invention. Fig. 4B is a diagram showing a detail of the upper part of Fig. 4A and Fig. 4C is a diagram 
showing a detail of the lower part of Fig. 4A. 
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^ Reactor Example (Fig. 4A) 


Feed nitrogen gas stream 


500 NCFH with 2 vol. % oxygen at 1 50 psig and 20C 


Required product purity 


less than 10 ppm oxygen 


Reactive purge stream 


75 NCFH nitrogen, 1 5 NCFH CH 4 at 1 48 psig 


Ion transport tube material 


La 0 4 Sr 0 6 Feo 6 gCr 0 2 Co 0 1 MgO^ with 20 wt.% Pd- Ag second phase at 

Pd/Ag*1 


Membrane conductivity at 1000C 


0.25 Siemens/cm 


Ion transport tube dimensions 


0.42 in. OD x 0.049 in. wall x 42 in. long (35 in. active) 


Number of ion transport tubes 


7 


Catalyst on anode 


up to 0.02 in. thick porous surface of wail material 



The Fig. 4A Reactor Example embodiment was designed using a heterogeneous reaction model based on specific 
reactant species such as methane, a muKiresistance oxygen flux model, and a heat transfer model. The operation of 

30 the embodiment of the invention shown in Fig. 4A is similar to that of Fig. 1 . As mentioned previously, Figs. 4B and 4C 
respectively show details of the top section and bottom section of Fig. 4A and should be consulted to see the details of 
the construction of those areas of Fig. 4A as described below. 

In Fig. 4A, oxygen-containing gas stream 18 enters shell 14 near the top of the reactor, flows downward in a cross- 
counter flow fashion to the flow of reactive purge or reactant gas stream 1 6 inside ion transport tubes 1 directed by baf- 

35 fles 4, and then enters annular passages 2 between ion transport tubes 1 and shroud 3 (shown in the detailed view of 
Fig. 4B) where oxygen is extracted from the gas stream and is recovered as an oxygen-depleted gas stream 20 from 
the space between tube sheets 7 and 8. Reactant gas stream 16 flows inside ion transport tubes 1 which reacts with 
the oxygen gas as it permeates through ion transport tubes 1 to produce a gas stream 22 which exits the reactor. As 
before, the oxygen for the reaction on the permeate side of ion transport tubes 1 is extracted by ion transport from oxy- 

40 gen-containing gas stream 18 flowing through annular passages 2. Gaseous diffusion resistance is minimized by the 
narrow width of annular passages 2 between ion transport tubes 1 and their respective shrouds 3. The reaction takes 
place in the boundary layer or on the anode surface (permeate side) of ion transport tubes 1 . As a result, the maximum 
temperature will be at the wall of ion transport tubes 1 . The concentric arrangement of ion transport tubes 1 and shroud 
tubes 3 assures excellent radiation heat transfer coupling between them and, since at the high operating temperatures 

45 radiation heat transfer is very efficient, the local temperatures of shroud tubes 3 will follow the local temperature of their 
respective ion transport tubes 1 closely. 

Heat transfer coefficients between the gas stream flowing in annular passages 2 and the passage walls (that is, the 
outer surface of ion transport tubes 1 and the inner surface of shroud tubes 3) will also be high as a result of the pas- 
sage geometry. The inner side of shell 14 of the reactor is furnished with baffles 4 which are arranged with varied axial 

so spacing. Oxygen-containing gas 18 enters the reactor shell side at the end opposite to annular passage 2 entrance. 
The entering gas flows in crosscounter flow relative to the flow direction of the gas stream in annular passages 2 (that 
is, relative to ion transport tubes 1 ). The local heat transfer coefficients between the shell-side gas stream and shrouds 
3 can be controlled by proper selection of the local crossflow velocities and the local baffle area, both of which depend 
upon baffle spacing or by surface geometry including insulating layers if required. 

55 As has been mentioned previously, the temperature of ion transport tubes 1 has to be maintained at a relatively uni- 
form level ensure the most effective utilization of the reactor. This can be accomplished with the selected arrangement 
in the following way. Since in most instances the mass flow on the shell side significantly exceeds that on the reaction 
side, the heat of reaction has to be absorbed primarily by the temperature rise of the shell-side gas stream. Therefore, 
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where 



50 S is the ionic conductivity; 
L is the wall thickness; 
R is the gas constant (8.31 X 10 3 J • kmol* 1 ); 
AT is the temperature (K); 

is the Faraday constant (9.65 X 10 7 C • kmol" 1 )- 
is the partial pressure of 0 2 at the cathode wall of the membrane; and 
is the partial pressure of 0 2 at the anode wall of the membrane. 



F 

35 P1 
92 



The calculated results from the Reactor Example of Fig 4A were as follow th* r*n. . 
inlet temperature was found to be 855C Fin s i* • «nhi!? 1 . . " 71,16 required crude n *ogen reactor 
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ctnspon iuoe depending on whether concurrent or countercurrent flow with respect to the flow 
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direction of the oxygen-containing gas on the shell side is desired. The reaction on the inner surface of ion transport 
tube 85 is supported by oxygen ion transport from the oxygen-containing gas stream across the ion transport tube wall. 
As shown in Fig. 7A, the gas stream to be heated enters through concentric inner tube 89 and picks up heat as it flows 
inside annular passage 96. The oxygen-containing gas enters the shell at the bottom of concentric inner tube 89 and 

5 flows cross-concurrently with respect to the gas stream to be heated. The heat of reaction is absorbed by a temperature 
rise of the oxygen-containing gas stream and the third gas stream in heater tube 88. 

As in previous embodiments, the temperature of ion transport tube 85 should be maintained relatively constant for 
optimal performance. Heat is transferred to the third gas stream by both radiation and convection. Convection can be 
influenced again by variable baffle spacing to achieve high flow velocities and high convective coefficients near the bot- 

w torn of concentric inner tube 89 where temperature differences are large and low flow velocities and low convective 
coefficients near the top of concentric inner tube 89 where temperature differences are small. The goal of achieving uni- 
form heat flux can also be aided by providing variable convective coefficients for the third gas stream in annular passage 
96. One way of achieving this is by using a variable pitch spiral insert 97 in annular passage 96 which yields high veloc- 
ities at the bottom end of concentric inner tube 89 and low velocities at the top end of concentric inner tube 89. 

15 Fig. 7B is a schematic diagram of a tube sheet utilizable in the ion transport reactor/heater of Fig. 7A. Tube sheet 
100 holds ion transport tubes 99 with heater tubes 98 in alternating rows. 

The advantages of using a combined reactor and heater in a single unit include the opportunity for simplification of 
process systems and the freedom of handling higher heats of reaction in cases where the heat capacity of the oxygen- 
containing gas is insufficient. 

20 Fig. 8A is a schematic diagram showing a ion transport reactor/oxygen separator. The ion transport reactor/oxygen 
separator heats an oxygen-containing gas stream, such as air, to ion transport operating temperature and extracts a 
pure oxygen product stream. In Fig. 8A, ion transport reactor tube 122 is attached and sealed at one end at top tube 
sheet 112. The other end of ion transport reactor tube 1 22 is free-floating and has a flow restricting or flow distributing 
orifice 1 23 at its end. Annular passage 1 25 is formed between the outer wall of ion transport tube 1 22 and the inner wall 

25 of shroud tube 124. A closed end ion transport separator tube 130 is attached and sealed at bottom tube sheet 110. 
Annular passage 135 is formed between the outer wall of ion transport separator tube 130 and the inner wall of shroud 
tube 128. Both shroud tubes 124 and 128 are open at their top ends and both are attached and sealed at tube sheet 
111. 

During operation, reactant gas stream 1 16 is introduced to the inside of ion transport reactor tube 1 22 at the top of 

so the apparatus and flows downward in annular passage 1 25. Oxygen is transferred by ion transport across ion transport 
reactor tube 122 and supports a reaction on its surface. The heat of reaction is rejected to the shell-side gas stream 
through shroud tube 124 and baffles 120. The products of reaction exit at the bottom of the ion transport reactor tube 
1 22 through flow restricting and distributing orifice 1 23 in the bottom of reactor tube 1 22 into space 1 38 between bottom 
tube sheets 110 and 111. Oxygen-containing gas stream 114 enters shell 136, flows upward through baffles 120 in 

35 shell 1 36 where it is heated to ion transport separator operating temperature (700°C to 1 050°C), and then enters annu- 
lar passage 135 between ion transport separator tube 130 and shroud tube 128. Ion transport separator tube 130 is 
closed at its upper end. Oxygen is transported across the wall of ion transport separator tube 1 30 by maintaining a pos- 
itive ratio of oxygen partial pressures across its wall and oxygen gas stream enters space 140 below tube sheet 110 
and exits shell 136 as gas stream 118. Both reaction products and the depleted oxygen stream enter common space 

40 1 38 between bottom tube sheets 1 1 0 and 1 1 1 and exit shell 1 36 as gas stream 115. 

As in the previous examples, the heat of reaction must be absorbed by the temperature rise of the oxygen-contain- 
ing gas stream and the temperature of ion transport reactor tube 122 maintained at as uniform a temperature as pos- 
sible. As mentioned before, this can be achieved by maintaining a constant local heat flux by controlling the local heat 
transfer coefficients by means of variable baffle spacing. To avoid damaging heat loss from the oxygen-containing gas 

45 stream in annular passage 135 and temperature depressions in ion transport separator tube 130, shroud tube 128 is 
insulated, preferably at its outer surface. 

Fig. 8B is a schematic diagram showing an alternative design of an ion transport reactor/oxygen separator. The ion 
transport reactor/oxygen separator heats an oxygen-containing gas stream, such as air, to ion transport operating tem- 
perature and extracts a pure oxygen product 6tream. In Fig. 8B, ion transport reactor tube 152 are attached and sealed 

so at the top end by top tube sheet 1 54 and at the bottom end by bottom tube sheet 1 56. Annular passage 1 56 is formed 
between the outer wall of ion transport reactor tube 1 52 and the inner wall of shroud tube 1 58. Ion transport separator 
tube 1 60 is attached and sealed at the top end by top tube sheet 1 62 and at the bottom end by bottom tube sheet 1 56. 
Annular passage 164 is formed between the outer wall of ion transport separator tube 160 and the inner wall of shroud 
tube 170. Both shroud tubes 170 and 158 are open at both ends and both are attached and sealed at tube sheet 166; 

55 shroud tube 158 is additionally attached and sealed at tube sheet 172. As with other configurations where tubes are 
attached at each end, sliding seals 168 are used to seal one end of ion transport reactor tube 152, ion transport sepa- 
rator tube 160, and shroud tube 158. 

During operation, an oxygen-containing feed gas stream 1 50 enters shell 1 80, flows upward through baffles 1 74 in 
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of the ion transport membrane through a feed gas passage between the ion transport membrane and a shroud to 
minimize gaseous diffusion resistance. 

7. The process according to claim 6 wherein the heat transfer to the feed gas passage is modified by at least one of 
5 a variable geometry, variable baffle spacing, variable pitch spiral inserts, and an insulating insert of variable thick- 
ness. 

8. The process according to claim 1 wherein at least a portion of the heat from the heat of reaction generated by oper- 
ation of the ion transport membrane is transferred to a fluid stream flowing through the ion transport reactor. 

10 

9. The process according to claim 1 wherein the feed gas stream is divided into a first feed gas portion which is fed 
into the reactor and provides oxygen for reacting with the reactant gas stream, whereby heat is generated, the heat 
being employed to heat at least the first feed gas portion which transfers heat to an ion transport separator module 
including an ion transport separator membrane having a retentate side and a permeate side through which a sec- 

15 ond feed gas portion flows and from which oxygen is extracted along the permeate side thereof. 

10. An ion transport reactor for separating a feed gas stream containing elemental oxygen and at least one other gas, 
said reactor comprising: 

20 at least one ion transport tube having a membrane capable of transporting oxygen ions, the ion transport mem- 

brane having a retentate side and a permeate side, for extracting oxygen from the feed gas stream as it flows 
along the retentate side; 

wherein a reactant gas stream is flowed along the permeate side of the ion transport tubes to react with 
the oxygen permeating therethrough; 
25 wherein at least a portion of the heat from the heat of reaction generated by operation of the ion trans- 

port tube is transferred to a fluid stream flowing through the ion transport reactor; and 

wherein at least one of the heat transfer areas and heat transfer coefficients vary inversely with the dif- 
ference in temperature between the feed gas stream and the ion transport membrane. 

30 
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FIG. 3C 
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FIG. 4C 
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FIG. 7B 
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FIG. 8A 



26 

BNSDOCID: <EP 0876286A1 J_> 



EP 0 875 285 A1 




BNSDOCID: <EP 0B7S285A1 I > 



EP 0 875 285 A1 



J 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 98 10 7758 





DOCUMENTS CONSIDERED TO BE RELEVANT 




Cats go 


y Citation of document with Indication, where appropriate 
ot relevant passages 


Relevant 
to claim 


CLASSIFICATION OF THE 
APPLICATION gntCj.6) 


D.X 
A 


US 5 599 383 A (DYER PAIil N PT ai ^ a 
February 1997 

* column 3, line 63 - column 4, line 3 * 

* column 8, line 32 - line 35 * 

* column 10, line 66 - column 11, line 5 * 

* figure 1 * 


1,10 
2-9 


B01D53/32 
B01D53/22 
C01B13/02 
B01J19/00 


P,X 
P.A 


EP 0 778 069 A (PRAXAIR TECHNOLOGY INC) 11 
June 1997 
* figure 3 * 


1 

2-10 




ID, A 


Apr?i 3 1994 n A (CABLE TH ° MAS " AU 26 

* column 20, line 20 - line 24 * 

* column 32, line 52 - column 32, line 59 


1-10 




A 


u | g 5 035 727 A (CHEN MICHAEL S) 30 July 
* figure 2 * 


1-10 




A 


US 5 565 017 A (KANG D00HEE ET AL) 15 
October 1996 

* figures 2,3 * 

tr u /ho o<#b m { rKAXAIR TECHNOLOGY INC) 18 
December 1996 

* figure 2 * 


1-10 


TECHNICAL FIELDS 
SEARCHED (lnt.CI.6) 


A 


1-10 


B01D 
C01B 
B01J 


A 


US 5 562 754 A (KANG D00HEE ET AL) 8 
October 1996 
* figures 1-3 * 


1-10 




A 


EP 0 743 088 A (PRAXAIR TECHNOLOGY INC) 20 ' 
November 1996 
* figure 9 * 

-/» 


1-10 




The present search report has been drawn up (or all claims 

PKk.oIm.iW D»»ol completion ol meMiich 







MUNICH 



6 August 1998 



CATEGORY OF CITED DOCUMENTS 



Kanoldt, W 



X : particularly relevant If taken alone 
Y : particularly relevant If combined with another 

document of the same category 
A : technological background 
O: non-written disclosure 
£ I P ; intermediate document 



T ; theory or principle underlying the invention 
E : earlier patent document, but published on, or 

- after the filing date 
D : document cited In the application 
L : document cited for other reasons 



& : member of the same patent family, correspor^ing 
document 



28 

BNSDOCID: <EP 0875285A1_I_> 



EP 0 875 285 A1 



J 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 98 10 7758 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (lnt.Cl.e> 



US 5 035 726 A (CHEN MICHAEL S ET AL) 30 
July 1991 

* figure 1 * 

EP 0 732 138 A (AIR PROD & CHEN) 18 
September 1996 

* figures 1-6 * 



1-10 



1-10 



TECHNICAL FIELDS 
SEARCHED (tnt.CU) 



The present search report has been drawn up for all claims 



8 

5 



Place of search 

MUNICH 



Data of completion of the search 

6 August 1998 



Examiner 

Kanoldt, W 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant tf taken alone 

Y : particularly relevant tf combined with another 

document of the same category 
A : technological background 
O.: non-wltten disclosure 
P : Intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited In the application 
L : document died for other reasons 



& : member of the same patent family, corresponding 
document 



29 



BNSDOCID: <EP 0B75285A1 . 1. > 



**** 



